5-kedto-D-fructose + Mred
(1) where Moxand Mred are an electron acceptor and its reduced form, respectively. Since FDH is highly specific to the above reaction, it can be used as a satisfactory reagent for the measurement of D-fructose (Fru).1>2) An enzymatic method using FHDis reported for the measurement of seminal fructose.3) FDH immobilized on Amino-Cellulofine is used for flow injection measurement of Fru.4'5) In these studies, phenazine methosulfate or hexacyanoferrate(III) was added to the test solution as an electron acceptor, and its reduction by Eq.
(1) was monitored colorimetrically or amperometrically. Whenthese electron acceptors are mixed in carbon paste electrodes carrying immobilized FDH, they serve as electron transfer mediators between the enzyme and the electrode. Thus, the electrode showsa current response to Fru without addition of an electron acceptor to the solution, Fru being oxidized 2919 electro-enzymically, bioelectrocatalytically, at this electrode.6) This paper describes the use of the FDH-modified carbon paste electrode as a Fru sensor. />-Benzoquinone, BQ, is used as a mediator to be mixed in the carbon paste electrode, since this compound is one of the most efficient mediators.6) Ferrocene has also been used for the electron transfer mediation between a glassy carbon electrode and immobilized FDH.7) Thus, when the film-FDH-CP(BQ)E was immersed in an electrolyte solution and when a cyclic voltammogramwas recorded, the electrode produced cathodic and anodic waves due to the electrochemical redox reaction of BQ confined to the FDH layer. Figure 1A shows an example of such cyclic voltammetric waves. Whenfru was added to the solution, a and electrode C (FDH: 0.12 units). Ix increased linearly at small cFrubut tended to approach saturation values at larger cFru. The deviation from the linear relationship begins at smaller cFru with the electrode with smaller amount of FDH. As discussed previously,9) the magnitude of/j is generally controlled by both the effective enzymatic reaction rate in the enzyme layer and the permeation rate of the substrate through the dialysis membrane and can be ex-
with I'max = nFAk'cJE)l
and also by
where n, F, and Aare the number ofelectrons, the Faraday constant, and the electrode surface area, respectively; K'm and k'cat are the apparent Michaelis constant and the apparent catalytic constant, respectively, in which "apparent" means that these parameters include the effect of concentration polarization of the substrate in the enzyme layer;10) (E), /, and°cFru are the concentration of FDHin the enzyme layer, the thickness of the layer, and the concentration of Fru in the enzyme layer adjacent to the dialysis membrane, respectively. In Eq. (4), pm is the permeation constant of the dialysis membrane to Fru and the distribution coefficient of Fru between the enzyme layer and the solution is assumed to be unity for simplicity. Combining Eqs. (2) and (4) and its derivative, D-gluconate, 1.2 x 10~4cm/ sec,11} the magnitude of the quantity nFApm amounts to 1.78/iA/mM with pm=l xl0~4 cm/sec, which is somewhat larger than the magnitude of the initial slopes of the plots A, B, and C in Fig. 2, 0 .90, 0.88, and 0.75/iA/mM, respectively. The result indicates that the term m^max also nas a contribution. The Fmax values were estimated from the extrapolation of the l/I{ vs. l/cFru plots of the data in Fig. 2 to the ordinate to be 16.6, 14.3, and 10.6/iA with electrodes A, B, and C, respectively. The K'm value should be equal to or larger than the true Michaelis constant Km,10) which was 10mM. Thus the magnitude of the term m^max *s estimated to be 1.7, 1.4, and 1.1/iA/mM for electrodes A, B, and C by assuming 10mM for K'm. Accordingly, the initial slopes of the Ix vs. cFru plots are calculated by eq. 6 to be 0.87, 0.78, and 0.68/iA/mM for electrodes A, B, and C, respectively, which explain the initial slopes of the plots A, B, and C in Fig. 2 . The third term of the denominator in the right hand side of Eq. (5) includes r^&\ and the quantity (1 -(IJnFAp^c^)), which is equal to°cFru/cFru. Both quantities decrease with increasing amounts of immobilized enzyme, FDH.9'10) Thus, it is expected that the deviation from the linear relationship of the Ix vs. cFru plot starts at a higher concentration of Fru with the FDHelectrode with the higher Fig. 3 . Effects of pH on Ix. amount of FDHas is obtained in Fig. 2 . Figure 3 shows the effects of pH on Ih in which two nlm-FDH-CP(BQ)E's were used;
one was used for the measurements at pHfrom 4.5 to 2.5 and the other from pH 4.5 to 7.5. The ordinate is expressed as the relative value normalized by the /, value at pH 4.5. Since FDH denatured at pH lower than 3.0 and higher than 7.0, once the electrode was dipped into the solutions of which pH is lower than 3.0 or higher than 7.0, the electrode became inactive to Fru. As seen in Fig. 3 , the maximum current response was obtained at pH 4.5, which isclose to the optimumpH ofFDH, pH4.0.1} The dependence of Ix on temperature was studied with a film-FDH-CP(BQ)E from 5 to 30°C. /j increased with increasing temperature.
At 25°C, the magnitude of Ix remained unchanged during the continuous measurements for 2hr. At 30°C, however, the magnitude of Ix tended to decrease gradually during the course of continuous measurements; somethermal denaturation of the enzymemay occur at this temperature. Whenmeasured at 5°C, the decrease in Ix was not observed for at least 24 hr. The activation energy was obtained The reproducibility of the current response was examined at 1mM Fru with the film-FDH(0.4 units)-CP(BQ)E and the coefficient of variation was 5.1% (n=\0). The current response was independent of the presence or absence of dioxygen in the solution, and was not influenced by the presence of other sugars (1 mMeach) such as glucose, galactose, sucrose, lactose, maltose, xylose, arabinose, gluconate and sorbitol. Figure 5 illustrates the time dependence of the current response obtained with the film-FDH(0.40 unit)-CP(BQ)E(Area 9.2 x 10~2 cm2). The current started to appear a few seconds after the addition of Fru to the solution and reached 95%of the level of the steady-state current in a minute. Though the FDH electrode is specific to Fru as stated above, if sample solutions contain small molecules oxidizable directly at the carbon error. Use of a grid electrode serving as an electrochemical filter12) and the use of Nafion membrane13)have been reported as methods for eliminating the interference from AsA. We examined here a method using ASOD.ASOD catalyzes the oxidation of AsA by dioxygen:
AsA+O2 åº dehydroascorbic acid + H2O (7) At potential +0.5 V where /, is measured, both O2 and dehydroascorbic acid are elctrochemically inactive.
Therefore, co-immobilization of ASODwith FDHmay eliminate the interference from AsA; AsAis expected to be consumed by reaction (7) before reaching the carbon paste electrode surface. However, if BQ in the enzyme layer is rapidly reduced by AsA, the reduced BQ, hydroquinone, is oxidized to regenerate BQat the electrode, producing an anodic current. Figure 6B shows the current response to 0.2mMFru in the presence ofAsA Table I together with the results obtained by the F-kit method. The film-FDH/ASOD-CP(BQ)E method gave results agreeing well with those by the F-kit method. The film-FDH-CP(BQ)E method also gave the same result for an apple, but somewhat larger values for an orange, a grapefruit, and a lemon. These fruits contained AsA in the level of 2-3% of Fru in molar ratio. Fig. 7 . The magnitude of the current response decreased gradually with time. The decreasing rate was more rapid with the nTm-FDH(0.12 unit)-CP(BQ)E compared with that of the film-FDH(1.2 unit)-CP(BQ)E. The magnitude of the current response of the latter electrode decreased to 50% from the original value after two weeks and to 30% after three weeks. In spite of these current decreases, the current magnitude remained unchanged during the course of continuous measurementsfor more than one hour even whenthe measurementwas made after two weeks. The FDHelectrode with 1.2units FDHwas usable as a Fru sensor at least for two weeks, when used at 25°C for one hour adayand stored at 5°Cwhennotin use.
